
FORAERONAUTICS

TECHNICAL NOTE4064

REVIEWKINDINVESTIGATIONOFUNSATISFACTORY

CONTROLCHARACTERZWIKXINVOLVINGINSTABIU3WOF

PILOT-AIRPLANECOMBINATIONANDMETHODSFORPREDICTING

THESE DIFFICULTIES FRQM GROUNDTESTS

ByWilliamH. Phillips, B. Porter Brown,
andJamesT. Matthews,Jr.

LangleyAeronauticalLaboratory
LangleyField, Va.

Washington
August1957



TECHLIBRARYKAFB,NM

IL

\

NATIONALADVISORYCCWITTEE
Iilllllllllllllll[l:llll

FORAERONAUTIC U13Abq35

TECHNICALNOTE4064
-4

REVIEWANDINVFSTIGATIONOFUNSATISFACTORY

CONTROLCHARACTERISTICSINVOLVINGINSTABILITYOF

PILOT-AIRPLANEC~INATIONANDMETHODSFORPREDICTING
.

THESEDIFFICULTIESFR~ GROUNDTESTSL

ByWillism H. Phillips,B.PorterBrown,
andJsmesT. Matthews,Jr.

SUMMARY

A nmiberofexsmplessxepresentedof controldifficultieswhich
appearto resultfrm a tendencyfordynsmicinstabilityofthecombina-
tionofpilot,controlsystem,andairplaae.Theunsatisfactorychar-
acteristicsinvolvedhavebeenencounteredmostfreqwntlywithhydraulic-
powercontrolsystems,althoughs,everalcaseshavealsobeenexperienced
withconventional.controlsystems.Testsofa bcankranda fighterair-
planewithexperimentalpowercontrolsystemshavebeenmadeto study
thisproblemfurther.

Theresuitsoftheinvestigationshowthatcontrolclifficultiesof
thetypeconsideredhavealwaysbeenassociatedwitha markedphasedif-
ferencebetweenthepilot’scontrolforceandtheassociatedcontrol-
surfacedeflection.Thepresenceof staticfrictioninthecontrolvalves
ofhydraulic-powercontrolsystemswasfoundtobe theexplanationfor
unsatisfactorycharacteristicsin severalairplaneseqtiippedwithsuch

.

systems. Definitelimitsor simplerulesforthetolerablesmountof
valvefrictionappeartobe difficultto establishkcauseofthelarge
numberofvariableswhichmayinfluencetheproblem.

A methodofanalysisofthestabilityofan airplaneundercontrol
ofthepilotispresentedwhichprovidesa physicalexplanationofthe
problemandap~arstopredictqualitativelythedifficultiesencountered
inflight.A methodofmskinggroundtestsofa controlsystem,withthe
useofa simplesimulatorto representtheairplaneresponsecharacter-
istics,wasalsoinvestigated.Thismethodis suggestedfordetecting
undesirablecontrolcharacteristicsofthetypeunderconsiderationbefore
actualflighttestsofa newairplaneareattemptid.

%upersedesrecentlydeclassifiedNACAResesrchMemorandumL~~17a
byWillismH.Phillips,B. PorterBrown,andJsmesT.Matthews,Jr.,1953.
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INTRODUCTION

TheNationalAdvisoryCommitteeforAeronauticsflying-qualities
requirements(ref.1) outlinethestabilityandcontrolcharacteristics
whichshouldbeprotidedinorderforan airplaneto havedesirable
qualitiesfromthepilots’standpoint.Mostoftheserequirementsare.
statedintermsof”controlforcesanddefletitionsinste”adyflightcon-
ditionsor intermsofdynamic-stabilitycharacteristicswithcontrols
free. Theserequirementshavegenerallyprovedadequateto definethe
characteristicsthatareimportantto thepilot.However,someproblems .“
ofdynsmicstabilityhaveBeenencounteredwhicharenotcoveredh the
existingrequirements.

—

Theseproblemshavebeenrecognizedin& formof instabilityof”-
theairplane-pilotcombinationwhichmadeprecisecontroloftheair-
planedifficult.Situationsofthistypewereencounteredseveralthnes
duringtestsby theNACAofairplanesequippedwithvariousexperimental
manualcontrolsystems.Experiencewithsuchsystemshasshownthat
unsatisfactorycontrolby thepilotcanexisteventhoughallthe
requirementsofreference1 maybe satisfied.Duringevaluationtests
ofhydraulic-powercontrolsystems,theseproblemshaveagainbeenencoun-
tered.Withpowercontrols,however,thecauseofthetroublehasfre-

#

qu.entlybeendifficulttm determinebecauseonthegroundthepower
controlsystemmayapparentlyexhibitexcellentfollowingcharacteristics P“
withnoappreciabletimelag,deadspot,or:backlash.Inflight,how-
ever,thecombinationofpilot,powercontr~lsystem,“andairplanemay
be completelyunsatisfactoryfromthestandpointof control.A series
of testshasbeenmadetoobtaina betterunderstandingoftheseproblems “-
andto establishmethodswhichmaybeusedintheearlystagesof a design
todeterminewhethera systemwillbe satisfactoryorunsatisfactory.

Thepurposeofthispaperis to summarizethepastexperiencewith
unsatisfactorycontrolcharacteristicsinvolvingthepilot-ai~lane
combinationandtopresenttheresultsoftestsmadeto studythisprob-
lemin connectionwithpowercontrolsystems.Inaddition,methodsof
analysisaresuggestedwhichofferpromise@ predictingtheseunsatis-
factoryconditions.

SYMBOLS

Fs stickforce,lb

i pitchingvelocity,radians/see

Ee elevatordeflection,deg



5S stickdeflection,deg

g accelerationofgravity(32.2ft/sec2)

w frequency,radi.ans/sec

PREVIOUSEXPERIENCE

ConventionalControlSystems

Theterm“conventionalcontrolsystems”refersto controlsystems
witha directmechanicallinkagebetweenthepilotandthecontrolsur-
face,as contrastedtohydraulic-puwercontrolsystems.Arrangements
involvingbobweightsjservotabs,andsoforth,sreconsideredtobe con-
ventionalcontrolsystems.

Thetypeofdynsmicinstabilityinvoltingthepilot-airplsnecomb-
inationhasbeenmostfrequentlyencounteredwithhydraulic-powercontrol
systems,whereasconventionalcontrolsystemsordinarilyhavebeenfree
of thisdifficulty.Severalinstanceshaveoccurredinthepast,how-
ever,onconventionalcontrolsystemsinwhichsimilardifficultieswere
experienced.Inmostuses,thesecontrolsystemswereexpertintaltypes.
Theinstancesinwhichdifficultiesoccurredhavebeenpresentedforthe
individualairplanesinvolved,butnoefforthaspreviouslybeenmade
tobringtogethertheseinstancesinorderto obtainan overallpicture
oftheproblem.Examinationofthesecaseshasshownthatthecauses,
manifestations,andcuresofthecontroldifficultiesnotcoveredby
reference1 areextremelyvariedandthereforetifficultto classifyin
termsofadditionalrequirements.Allthecasesdo,however,exhibita
commoninstabilityofthepilot-airplanecombination.Althoughno
attemptismadeto explaincompletelyeachcaseofthistype,a review
ofthesecasesappearsdesirableinorderto showthenatureofthe
problemsinvolved.

Anexsmpleofa caseinwhichthepilotencountereddifficultyin
attemptingtomaintainexactlya constantairspeedis showninfigure1.
Thisfigureshowsthevariationofelevatorpositionandnormalaccelera-
tionwhichoccurredona scout-banberairplsme(ref.2)as thepilotheld
theairspeedat207milesperhour. Thepilothadtheimpressionthat
staticlongitudinalinstabilityoftheairplanecausedthisdifficulty.
Th3.simpressionwasincorrect,however,asprovedbythefactthat,at
theendoftherecordshown,thepilotreleasedthestickandtheair-
planeflewsteadilyat a speedof215milesperhourforseveralminutes.
Inthiscase,thecontrolsystemwasentirelyconventional.Thediffi-
culty,however,wasattributedtoa combinationofflexibilityintbe
elevatorcontrolsystemandfrictionintheelevatorhinge.Underthese

—

—
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conditionssmallmovementsofthestickcouldbemadewithoutmovingthe
elevator,butoncetheelevatorstartedtomoveitwouldovershootthe
desiredposition.Theexactelevatoranglerequiredtomaintainthe
airspeedof207milesperhourwasneverattainedahdthereforecontinual
adjustmentshadtobemadeby thepilot.

Thisexampleillustrateshowa nonlinearcharacteristicofthecon-
trolsystemat smalldeflectionsmaycausea typeofinstabilityofthe
pilot-ai~hnecombinationwhenprecisecontroloftheairplane,such
asmaintainingexactspeed,isattempted.Thisnonlinearitydidnot
resultinanydifficultyinmaneuverssuchaspuU-Ws, wherelarger
controlmovementswererequired.

Anothertypeof control-feelproblemhasbeenencounteredwithair-
planesincorporatingcontrolsystemsinvolvingcloselybalancedcontrol
surfacesandbobweights.In contrasttopreciouslydiscussedcaseswith
nonlinearcharacteristics,thesecontrolsystemsdidnotexhibitany
markednonlineareffects.Inthesecases,therefore,whentroubleswere
experiencedtheycouldoccurinmaneuversinvolvinglargecontroldeflec-
tionsaswellas Inmaneuversinvolvingsmalldeflections.Suchdiffi-
cultieswerenoticedduringtestsofanexperimentalcontrolsystemin
a fighterairplsne(ref.3). Thepurposeofthisinvestigationwasto
evaluateanall-movabletailas a meansoflongitudinalcontrol.~
thissystem,thetailwasverycloselybalmcedaerodynsd.tallyandwas
controlledthrougha servotab.A bobweightwasusedtoprotidea stable
stick-forcevariationwithaccelerationand,in conjunctionwiththetrim
tab,a stableVariationwithspeed.Itwasfoundthatthestick-free
oscillationsoftheairplanedampedoutsatisfactorily.Insteadyturns
thevariationofstickforcewithaccelerationwasalsosatisfactory.
Thevariationsof stickforceandelevatoranglewithspeedwerelow
butwereconsideredtobe sufficient.

In spiteoftheairplanemeetingalltheserequirements,thecon-
trolfeltuncertainandoversensitivetothepilotsandwastherefore
unacceptable.Inthiscasetheunsatisfactorycharacteristicswerecaused
by thefactthatthepilotwasnotprovidedwithforcesinphasewith
thestickdeflectioninrapidmaneuvers.Thecontroldemandedcontinu-
ousattentiontoavoidsmallstickmovementsand,becauseofthelow-
sti.ck-fixedstability,smalJinadvertentmovementsof thestickresulted
inannoyingmotionsoftheairplane.Thesysteminthisairplanewas
madesatisfactoryby connectingthestickdirectlytotheall-nmmble
tailandconvertingtheservotabstogesredunbalancingtabs(ref.4).
Thesemodificationsdidnotalterthestick-fixedstability,butthey
didprovidethepilotwithsome‘*feel”forsmallrapidstickmovements.

A secondresultwasobservedduringflightsmadeinthisprogrsm.
Originally,thecontrolsystemwasdesignedtoprovideanunusuallylow
valueof friction,about*0.2pound.Thepilotscomplained,however,
thattheverylowfrictionactuallyincreased_thedifficultyofflying
smoothlybecausesmalltiadvertentsticknmvementswouldbe madeasa
resultofanyslightairplanemotionssuchasthoseduetoroughair.
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In thelaterstagesof theprogrsm,theelevatorcontrolfriction
4 wasincreasedto about*2.O pounds.Thisvalueisstillrelativelylow

by comparisonwiththefrictioninmanyair@anes.Theincreasedfric-
tioneliminatedtheinadvertentstickmovementsandtherebyimprovedthe
controlcharacteristicsof theairplsne.

Testsof anotherfighterairplaneinwhichcontrolsensitivitytrou-
bleswereencounteredtitha conventionalelevatorratherthananal.l-
movabletailarereportedinreference5. Thisexperimentalsystemalso
involveda closelybalancedcontrolsurfacewitha bobweightendpossessed
fairlylinesxcharacteristics.Testsshowedthatthissystemexhibited
poorcontrol-freedynsmicstabilityandthepilotsconsideredthesystem
tobe unsatisfactorybecausetheairplanefeltoversensitive.In addition,
thebobweightprovidedundesirablecontrol-feelcharacteristicswhenflying
throughroughair. Thedifficultiesinthisairplaneweregreatlyallevi-
atedthroughtheuseof a mechanical.devicewhichincreasedthecontrol
forcesonlyforrapidstickmovements.

Theseriousnatureof theforegoingcontrol-feelproblemswasrec-
ognizedandsomeempiricalrulesforavoidingthesedifficulties(ref.6)
wereformulatedendinsertedintheexistingflying-qualitiesrequirements.

k Thepossibilityof analyzingtheseproblemsas eninstabilityof the
airplane-pilotcombinationwasnotinvestigated,however.

d

Power-OperatedControlSystems

Figure2 presentsdatathatwereobtainedin a jetfighterRirplane
equippedwitha hydraulicslide-valvecontrolboosterontheailerons.
Figure2 showstimehistoriesofrollingvelocity,controlforce,and
deflectionasthepilotattemptedtomaintainlaterallylevelflight.
Thedifficultyencounteredisevidencedby theoscillationsinforce,
deflection,androllingvelocity.Notethatthecontrolforceisalmost
l&)Ooutofphasewiththero~ingvelocity.Thisresultindicatesthat
thepilotattemptedtoopposethebuildupofrollingvelocity;but,because
of thecharacteristicsoftheboostersystem,he actuallyproduceda con-
tinuousosciUa.tion.Thesmplitudeof thevariationdf angleofbankin
thisoscillationisaboutAl.@. Theairplaneinthisexamplewasa
servicejetfighterairplane.Thecontroldifficultyshowninfigure2
wasrecognizedbymostpilotswhoflewtheairplsnebutwasnotcon-
sideredsufficientlyseriousto beunsatisfactory,probablybecausethe
anglesofbankinvolvedtithe oscill.ationwerenotlargeenoughto
affecttheflightpathappreciably.

SimiW troubleswerereportedonanesrlymodelofa taillessjet
+ fighterairplanealsoequippedwitha hydraulicslide-valveservcanech-

anism,butinthiscasethedifficultieswereintheelevatorcontrol
J systemandthecharacteristicswereconsideredveryunsatisfactoryby

thepilots.Themoreseriousnatureofthetroublemayprobablybe
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attributedtothefactthattheelevatorcontrolsystem,ratherthan
theaileroncontrolsystem,wasinvolved.If,forexsmple,theairplane
developedan oscillationinpitchofthegagnitudeofthelateraloscil-
lationreferredtopreviously(kI.80), the airplanewouldundergochanges
inncjrmalaccelerationofabouttlg inhigh-speedflight.Such$=.
oscillationwouldbe unsatisfactory.Theelevatorcontrolsj%temis
apparentlymuchmoresensitivetothistypeofdifficultythanthe
aileroncontrolsystem.Forthisairplanetheproblemwastheability
totrimandtoflytheairplanesmoothlyincertainconditionsof steady
flight. Intryingto approachandmaintainaccuratelya desiredflight
path,thepilotwouldattempttomovethecontrolstoperformthedesired
maneuver;but,inorderto achievethisresult,hewouldhavetomakea
seriesof smallcorrectionswiththecontrolswhichon someoccasions
resultedinratherlargechangesinacceleration.On someattemptsthe
desiredfinalconditionwasneverattained.Onepilotreportedthatthe
difficultieswereaggravatedifhe attemptedtobemoreexactinmain-
tainingthegivenattitudeandaltitude.

Inbothof theforegoingexsmpleswithpoweredcontrolstheair-
planespossessedstaticstability,andthecontrol-free’dynamicstability
withpowercontrolsoperatingwasacceptable.Again,,Jtheinstability
reportedwasa resultoftheconibinationofpilot,controlsystem,&nd
airplane. .- ..

TESTSTO INVESTIGATEFEELCHARACTERISTICS

OFPOWERCONTROLSYSTEMS

./

v

.-

Testsof a BomberAirplane

At thetimetheexperimentaltailless fighter airplanewasunder-
goingtestsby themanufacturer,an attemptwasmadeby theNACAto
gainflytherinsightintothenatureoftheproblemsintroducedbypower
controlsystems.Thefirstinvestigatiori”wasmadeby utilizinga bcmiber ‘ -
airplanewhichhadbeenequi~pedby theNACAwithanexperimentalp=&er
controlsystemandmechanicalfeeldeviceontheelevator.Thissystem
isdescribedindetailinreferences7 and8. Thesystemutilizeda
two-stagehydraulicservomechanisminwhichthepositionofa variable
displacementpympwascontrolledby a small.slide-valveboosterwhich
requiredverysmall-inputfo=ces(oftheorderof1.0ounceatthepilot’s
controlwheel).Whenthissystemwastestedeitherwitha finiteboost
ratioorasan irreversiblesystemincon@nctionwitha mechanicalfeel
device,noneofthecontroldifficultieswhichhavebeendescribedin 4
theprevioussectionwereencountered.Infact,sincetheservomechanism
wasattacheddirectlytothecontrolcolumn,thecontrolcharacteristics
oftheoriginal.airplanewereimproved~siderablyby thereductionin v
control-systemfrictionwhichwasformer~excessive.Becausetheforces
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reqtiredto displacethecontrolvalvesonthepreviouslydescribed
hydrauliccontrolsystemswerehel.ievedtobe considerablylargerthan

* thecorrespondingforceforthesystemoftheba.nberairplane,control-
valvefrictionwassuspectedas a causeofthesedifficulties.The
mannerinwhichcontrol-valvefrictionaffectstheforcecharacteristics
ofan idealizedhydraulic-powercontrolsystemis illustratedinfigure3.
Thefigureshowsthevariationof stickforce,valveposition,andele-
vatoranglewiththe whenit isassumedthatnofeeldeviceisinthe
systemsothattheonlyforcesrequiredtomovethestickarethose
requiredto overcomevalvefriction.Examinationof figure3 showsthat
thevalvedoesnotrespogdtothepullforceuntilthevalvefrictionis
exceeded.Thenthevalveopenssndcausestheelevatortomoveup at a
constantrate. If,atthispoint,thepilotwishedtoreversetheele-
vatormotion,hewouldinstinctivelypushonthestick.Theelevator,
however,wouldcontinuetomoveup untilthepushforceagainexceeded
theValvefrictionandmadethevalveopenintheoppositedirection.
Throughouttheentireoscillationinthefigure,thestickforceisl&)O
out ofphasetiththeresultingelevatormotion.

An importantdistinctionexistsbetweentheeffectsof valvefric-
tionsmdtheeffectsoftheordinarytypeof control-systemfriction.
Valvefrictiontendstokeepthecontrolmoving,whereasordinaryfric-* tiontendstoholdthecontrolfixed.Theallowablemagnitudeofvalve
frictionwouldthereforebe expectedtobe differentfromthatfornormal

d control-systemfriction.

Inorderto investigatetheeffectof control-valvefrictionon the
bomberairplane,thisfrictionwasartificiallyincreasedthroughtheuse
of a springclsmpattachedtothevalveoperatingrod. Thevalve-position
recorderproducedanadditionalfrictionforcethatwassufficientlylsrge
tobe consideredduringthetests.

Itwasthoughtthatthetolem.blesmountofvalvefrictionmight
b relatedto theforcevariationwithnormalacceleration.Forthis
reason,testsweremadewithseveralvaluesofvalvefrictionandforce
gradient.Theforcegradientsusedforthesubstantiald.yno-valve-
frictioncasewere5.0,10.5,and15.0poundsperdegreeof stickdeflec-
tion,whereasthegradientsusedwith1.0poundoffrictionwere10.5,
15.0,and22.5.Thehighestfriction,2.5pounds,wastestedwithforce
gradientsof 15.0,22.5,and35.0poundsperdegreeof stickdeflection.
Thesecombinationsoffrictionandforcegradientwerechosensothat
threedistinctconditionscouldbe studied.Theresultswouldshowthe
effectof increasingtheforcegradientfora constantfrictionandalso
theeffectof increasingthefrictionat a constantforcegradient.In

* addition,thetestswouldshowtheeffectof increasingthefriction
whiletheratiooffrictiontoforcegradientisrelativelyconstant.
Becausevalvefrictionisa nonlinearphenomenon,testsweremadeto

i studythecontrolcharacteristicsbothinmaneuversrequiringsmall
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precisecontrolmovements
ments.Inorderto study
ments,datawereobtained

NACATN4064
d

andinmaneuversinvolvinglargercontrolmove-
thecharacteristicsforsmallcontrolmove- V
duringrunsinwhichthepilotintentionally

exceededthetrimspeedofapproximately220milesperhourby 10miles
perhourandthenattemptedto regainthetrimspeed.Figure4 shows
thedataobtainedwithsubstantiallynovalvefrictionforthreeforce
gradients.Figure5 showsthesametestsmadewith1 poundofvalve
frictionmeasuredatthecontrolstick,whereasfigure6 presentsthe
datafor2~poundsoffr~ction.Itwillhenotedthatvalveposition

isnotshowninfigures4 and5 becausetherecorderwasdisconnectedin
orderto obtainfrictionvaluesofO and1 pound.Therecordercontri-
butedabout1/2poundoffrictionwhenconnected.Thevalveposition
isshowninfigure6, andthefrictionproducedby thevalve-position

.
recorderis includedinthequoted~ pounds.

Thesmountofelevatoranglereqpiredtoproducetheintentional
lo

10-mile-per-hourspeedchangewasabout~ . Theforcereqwiredofthe

pilottoproduce~“ ofelevatoranglevariedwith

settingofthefeeldevice.Thehighestgradient

theforce-gradient *

requiredabout~ pounds, 9
whereasthelowestgradientnecessitatedonlyabout0.8pound,

Therecordsshowthat,fora givenforcegradient,an increaseinthe
‘ frictionresultedinmoredifficultyincontrollingtheairplane,asevi-
dencedby theincreaseintheoscillationsof normalaccelerationasthe
pilotattemptedto controltheairspeed.A comparisonoftherecords
forfrictionequaltoO and1 poundshows-thattherewasapparentlyvery
littledifference,butitshouldbe pointedoutthatroughairwaspres-
entinbothsetsofrunswhichproducedchangesinnormalacceleration.
thattendtoobscurethedifferencesbetweenthetwofrictionconditions.
Thepilotsreportedthatactuallytherewasa considerablereductionin
theeaseof controlwhenthefrictionwasincreasedto 1 pound.l?riction
valueslargerthm thoseusedintherunspresentedwereinvestigated,but
thetestsshowedthat,whenthefrictionexceeded2~pounds,thediffi-

cultiesincontrollingtheairplanedidnotincreaseproportionally.
Thesehighfrictions,however,didincreasethesmountofworkrequired
ofthepilot.

Figures4 to 6 showthat, fromthestandpointoftheoscillationsin ~
accelerationimposedupontheairplaneinholdinga trimspeed,increasing
theforcegradientforanyof thefrictionvaluesdidnotimprovethe
hemdlingcharacteristicsappreciably.Inspectionoftheforcerecords, P
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however,showsthatfora givenfrictionan increaseinforcegradient
resultedinmoreworkreqyiredofthepilot.Forthisreason,thepilots
believedthatan increaseingradientwasdetrimentalratherthanhelpful
in controllingtheairplane.It shouldbe notedherethatforthesetests
theairplanepossessedgod stick-fixedstability(2.5in.of stickmotion
perg)whichwasprobablyan importantfactorinpreventinganysewsre
oscillationsinacceleration.

Alltheaforementionedtestsonthebcmberairplaneweremadeto
investigatetheproblemsassociatedwithsmallcontrolmovementssuchas
wouldbe reqtiredforpreciseflying.ScmeabruptpuU-upmaneuverswere
alsomadeinwhichlargecontroldisplacementswerenecessary.Figm?e7
presentsa timehistoryof sucha pull-upwhichwasmadewith1 poundof
valvefrictionat 250milesperhour. No difficultieswereencountered
inaccuratelyholdinga desiredvalueofaccelerationbecausethevalve
frictionwassucha smallpercentageoftheforcerequiredinthepull-up.

.-

Inthecaseillustratedinfigure7,theforcegradientwasabout
~ poundsperg. Thedatainf~gure7were obtainedinapproximately
thesameflightconditionaspresentedinfigure5(b).

Theresultsofthesetestsindicatethatspecificationofa aUow-
k ablesmountofvalvefrictionintermsoftheforceperg ofan airplane

wouldnotbe logical.Evena small.smountofvalvefrictioninthebomber
airplane,whichhada largeforcegradient,wasconsideredundesirable

m by thepilots.me datashow,however,thatfora largeairplene,with
relativelyslowrespcmseto controlnmtionandlargecontrolmotionperg
inmaneuvers,furtherincreasesinvalvefrictiondidnotproportionally
increasethedifficultiesintheattainmentofprecisecontrol.Increase
ofeitherthefrictionortheforcegradientwasconsideredundesirable
forprecisionflyingbecausethesechangesincreasedtheworkrequired
ofthepilot.

TestsofanExperimentsJ.FighterAirplane

Theresultsoftestsonthebomberairplanedidnotgivemuchhfor-
mationonthedifficultiesexperiencedwithfighterairplanes.Forthis
reason,a fighterairplanewhichhadbeenequip-dby themariufacturer
withirreversiblepowercontrotiwasobtainedforfurtherresearch.For
thesakeofbrevitythisairplanetillbe referredto asfighterA. This
airplanedifferedfranthebomberairplanemainlyinhavingmuchlower
longitudinalstabilityinmaneuvers,lowerstick-forcegradients,andthe
fasterresponseto controlwhichistypicalof stillera&planes.The
detailsofthepowercontrolsystemsinthisairplaneme describedin
reference9. Thisairplanewaswellsuitedto a studyoftheproblems
associatedwithpowercontrolsinasmuchasthepilotcouldengagein
flighteitherthenormalmanualcontrolsystemorthepowercontrolsys-
tem. Thepowercontrolsystemconsistedofa conventionalhydraulic

—
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slide-valveservcmechani.sm.Theairplanewasalsoequippedwithmechan-
icalfeeldeviceswithprovisionforsupplyingstickforceasa function
of stickdeflectionsmdimpactpressure.Tbemechanicalfeeldevices
couldalsobe controlledfromthecockpitsepsratel..yfromthepowercon-
trolsystem.AlthoughalJ.Wree controlscouldbe poweroperated,the
discussionhereinis confinedtotheelevatorcontrolsystemwhichproved
tobemostcriticalfromtk standpointofobtainingsatisfactory
characteristics.

WhenfighterA wasfirstobtainedforflightteststhevalvefric-
tionmeasuredatthepilot’sstickwasfoundtobe about*4 pounds.The
experiencegainedfromthetestsonthebomberairplaneindicatedthat
thisvaluewasprobablyhigh;consequently,everyeffortwasmadeto
reducethefrictionwithoutexcessivemodificationstothesystem.It
wasfoundthattheadjustmentandcleannessofthevalvelinkagessffected
thefrictionconsiderably.Thelowestvalue offrictionobtainable,how- “
ever,wasabout~3/kpoundmeasuredatthestick.As inthetestsonthe
bomberairplane,a frictionclempw= addeQtovarythefrictionforvar-
iousflights. —

Inorderto studytheeffectsofvalvefrictioninmaneuversreqpiring
verysmallcontrolmovements,testssimilartothoseonthebomberair-
planewereconducted,inwhichthepilotdeliberatelyexceededa trim
speedby about10milesperhourandthentriedto returnto thetrim
speed.Theelevatormovementrequiredtoproducethis10-mile-per-hour
changeintrimspeedatw milesperhouzwasshownby staticstability
measurementstobe aboutO.1°andthecorrespondingstickforcetobe
negligible.The.dataobtainedwiththem~ual controlsxeshownin
figure8(a),whereasthedataobtaine~withthepowercontrolaresh~ti
infigure8(b).

Contrsrytoexpectationsthepilotre~rtedthatthismaneuvercould
be performedaboutaswellwiththepowercontrolsaswithmanualcontrol.
Theresultingvariationsofnormal.accelerationwith time foreachtypeof
controlshowminfigures8(a)and8(b)areverysimilarsad tendto sub-
stantiatethepilot’sreport.Thestick-forcevariationwithtime,how-
ever,showsverypoorphasingwit-htheelevatormotionanda verynob-
line= forcevsriationwithdeflection.mere weretyofactorswhich
werefoundto contributetothepilot’sabilitytoperformthismaneuver
aboutaswellwitheithercontrol.F&st, theelevaor couldbecontrolled

Imanuallythrougha verysmalldeflectionrangeinwh chthestickforces
werelessthanthestickforcesrequiredtobreakthroughthevalvefric-
tion,becausetheelevatorpowercontrol~ bell-cranksystemwassome-
whatflexible.Second,itwasfoundthat,withthepowercontroloper-
ating,theelevatorcouldbe movedat slowrateswithoutactuallybreaking
throughthevalvefriction.Thisphenomenonwasbelievedtobe dueto
therubberO-ringhydraulicsealsinthevalvebeingsufficientlyfl&xible
to allowsomemotionofthevalvepistonwithoutthepistonactually

it
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dMing in theseal.Sincetheairplanehadverylowstaticstability
(staticmarginabout3 percentof themeanaerodynamicchord),thepilot
couldmakefinecorrectionsto theflightpathwithoutbreakingthrough
thevalvefriction.Althoughitwouldhavebeendesirabletoham made
otherflightswithincreasedstaticstability,itwasfoundtobe unfeasi-
blesincealltheballastthatcouldconvenientlybe installedaheadof
thecenterofgravityhsdalreadybeenemployedto offsettheweightof
thetestequipmentandpower-controlinstallation.

Althoughcontroldifficultieswerenotapparentinthetypeofruns
requiringa small.chamgeinairspeed,thepilotsreportedthatanother
moreseriousproblemwaaencounteredb rapidmaneuvers.On severalocca-
sionslargevariationsinnormalaccelerationwereinadvertentlyproduced
whenrapidmaneuversweremadeorwhenflylngthroughroughair. During
earlyflightswiththeairplme,oscillationswhichreachedamplitudes
as largeas -3gand~ wereencounteredinadvertently,andcontrolof
theairplanewaEregainedonlyby disengagingthepowercontrolsystem.
Norecordswereobtainedof theseinadvertentmaneuvers,butinattempted
rapidturnsandpull-upslessviolentoscillationswereencounteredmore
consistently.A typicaltimehistoryofthistypeofmaneuveris shown
infigure9(a)forthepower-controlcondition,andthemanual-control
conditionforcomparisonis showninfigure9(b). Inbothcases,the
pilotattempteda rapidturnto ~. Withthepowercontrolanoscill-

ationof about1-to2-secondperiodresulted(seefig.9(a))inwhichthe
accelerationveriedbetween2g and4g. Durtigthisoscillation,theelev-
atorsinglewasalmst exactlyinphasewiththecontrol-stickposition.
Thepossibilitythattheoscillationwascausedby@ inthepositioning
abilityofthepowercontrolsystemisthereforeconsideredunltkely.
On theotherhand,figure9(a)showsthatthestickforceduringthe
oscillationswasalmost180°outofphasewiththestick position, even
thoughtheaveragestickforceduringthemaneuverwasinphasewiththe
stickposition.Thisresultis inaccordancewiththesimplifiedexplana-
tionof theeffectsof valvefrictiongivenpreviouslyinfigure3. The
illogicalforcevariationsproducedbythevalvefrictionarethoughtto
be themaincauseof thetendencyofthepilottoovercontrolandsetup
m oscillation.

As thepilotsgainedskillinflyingtheairplane,thenumberof
instancesof difficultyinperforminga givenmsmeuverdecreased.In
orderto givethepilota problemthatwoulddistracthisattentionfrom
simplystabilizingtheairplane~d inordertoprovidea referencepoint,
a formationflightwasmadeinwhichfighterA wasflowninformation
withanotherfighterairplanewhichwillbe designatedasfighterB.
Bothfighterairplaneswereflownastheleadandasthefollowingair-
plane, IneachcasefighterAwas fIownwiththepowercontrolandwith
thenormalmanualcontrol.Theresultsarepresentedinfigure10 as
timehistoriesofthenomal accelerationforeachairplaneforeachof
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wheretheairplaneinvolvedhadlargestaticstability,thesesmallcon-
troldeflectionswerenecessaryinmakingsmallprecisecorrectionsto
theflightpath;but,inthecasewheretheairplanehadsmallstatic

8

stability,smalldeflectionswereusedinnormalmaneuvers.

Theproblemsencounteredwithlightlybalancedcontrolsurfacesin
conjunctionwithbobweightsinvolvetheoppositeconditioninwhich,at
thefrequenciesaf controlmovementnormallyusedinmaneuvering,the
controldeflectionleadsthecontrolforceby a relative~largeemount.
Inthesecasessatisfactoryconditionswereobtainedby increasingthe
controlforceinphasewiththecontrol-stickdeflectioninorderto
reducethisphaseshift.

As a generalrule,therefore,thestatementmaybe madethatcontrol
difficultiesof thetypeunderconsiderationwillnotbe encounteredpro-
videdthecontroldeflectionisapproxmtelyinphasewiththecontrol
forcethroughouttherangeof amplitudes’-wdfrequenciesusedbythepilot
incontrollingtheairplane.Thisruleisrecognizedasan idealized
conditionwhichcannotbe obtainedinpr&cticebecausecertainfriction
and.inertiaeffectsareinevitable.Furthermore,theruleshouldnotbe
interpretedas anexactconditionto striveforbecausesomedampingof
thecontrolmotion,whichwouldtendto causea phasedifferencebetween
thecontrolforceanddeflection,ispro~ablydesirable.Nevertheless,

c-

examinationofflightrecordsobtainedwithsatisfactoryconventional
controlsystemsindicatesthatthisruleisverycloselysatisfiedby G-
compsrisonwiththeunsatisfactorycasesdiscussedinthisreport.in
designingan actualcontrolsystem,thedesigner,of course,wishesto
knowwhethera certainmountofdeviationfromthequalitativerule
statedpreviouslywillbe sufficienttoresultinunsatisfactorycharac-
teristics.In subsequentsectionsof thisreportanalytical.endexperi-
mentalmethodsarepresentedformakinganapprobatecheckof individual
casesto indicatewhethersatisfactoryresultswilJbe obtained.

EffectofNonlinearCharacteristics

Causedby lZrictionor-Preload

A characteristicfrequentlymeasured.inevaluatinga controlsystem
isthebreakoutforce,thatis,theforce-requiredto startthecontrol
stickmovingfroma trimmedpasition.Breakoutforces,however,mayarise
froma numberofdifferentsources.Intheprecedingdiscussion,cases
havebe@nreferredto tiwhichtheseforcesresultfromstaticfriction
on thecontrolstick,staticfrictiononthevalveof a powercontrol 8
system,preloadedcenteringsprings’o$”thecontrolstick,andpreloaded
centeringspringsonthevalve.Thesevarioussourcesof”breakoutforce

b’ ,, v
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slidingintheseal.
(staticmsrginatiut

IL

Sincetheairplsnehadverylowstaticstability
3 percentof themeanaerodynamicchord),thepilot

couldmakefinecorrect-tinsto theflightpath~thoutbreak&gthrough
thevalvefri.ction. Althoughitwouldhavebeendesirabletohavemade
otherflightswithincreasedstaticstability,itwasfoundtobe unfeasi-
blesincealltheballastthatcouldconvenientlybe installedaheadof
thecenterof gravityhada~eadybeenemployedtooffsettheweightof
thetestequipmentandpower-controlinstallation.

Althoughcontroldifficultieswerenotapparentinthetypeofruns
requiringa smallchangeinairspeed,thepilotsreportedthatanother
moreseriousproblemwasencounteredinrapidmaneuvers.On severalocca-
sionslargevariationsinnormalaccelerationwereinadvertentlyproduced
whenrapidmaneuversweremadeorwhenfQhg throughroughair. During
earlyflightswiththeairplane,oscillationswhichreachedamplitudes
as largeas -3gand~ wereencounteredinadvertently,andcontrolof
theairplanewasregainedonlyby-disengagingthepowercontrolsy%tem.
Norecordswereobtainedof theseinadvertentmaneuvers,butinattempted
rapidturnsandpull-upslessviolentoscillationswereencounteredmore
consistently.A typicalthe historyofthistypeofmaneuveris shown
infigure9(a)forthepower-controlcondition,andthemanti-control
conditionforcomparisonis showninfigme 9(b). Inbothcases,the
pilotattempteda rapidturnto ~. WiththepowercontrolanoscilM-

tionof about1-to 2-secondperiodresulted(seefig.9(a))inwhichthe
accelerationvsriedbetween2g and4g. Duringthisoscillation,theelev-
atoranglewasalmostexactlyinphasewiththecontrol-stickposition.
Thepossibilitythattheoscillationwascausedby laginthepositioning
abilityofthepowercontrolsystemisthereforeconsideredunlikely.
On theotherhand,figure9(a)showsthatthestickforceduringthe
oscillationswasalmostl&)”outofphasewiththestickposition,even
thoughtheaveragestickforceduringthemaneuverwasinphasewiththe
stickposition.Thisresultisinaccordancewiththesimplifiedexplana-
tionoftheeffectsof valvefrictiongiwnpreviouslyinfigure3. The
illogicalforcevariationsproducedbythevalvefrictionarethoughtto
bethemaincauseofthetendencyofthepilottoovercontrolandsetup
anoscillation.

As thepilotsgainedskillinflyingtheairplane$thenmiberof
instancesofdifficultyinperforminga givenmaneuverdecreased.In
orderto givethepilota problemthatwoulddistracthisattentionfrom
sh@.y stabi~zingtheairplanemd h ordertopro~dea referencePoint)
a formationflightwasmadeinwhichfighterA wasflowninformation
withanotherfighterairplanewhichwillbe designatedasfighterB.
Bothfighterairplaneswereflownastheleadandasthefollowingair-
plane.IneachcasefighterAwas fIownwiththepowercontrolandwith
thenormalmanualcontrol.Theresultsarepresentedinfigure10 as
timehistoriesofthenormal.accelerationforeachairplaneforeachof
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the fourconditions.Thevariationofnormalaccelerationisshowni.n
eachpartoffigure10asa solidlineforfighterA anda dashedline
forfighterB. Infigures10(a)and10(b)smallaccelerationsarepres- “
entwithbothairplaneswhenflownwithmanualcontrolinthewingor
followingpositions.A comparisonoffigures10(a)and1O(C)showsa
definiteincreaseinthedifficultyencounteredby thepilotoffighterA

—

withthepowercontrolsystem.Infigure10(d)evenwhenfighterA with
powercontrolsoperatingwasIeading,-smalloscillationswerepresent.
Inthiscase,however,thepilotoffighterBwas almostableto dupli-

—

catetheoscillations.

As inthecaseofthebomberairplane,variouscombinationsof
stick-forcegradientsandvalvefrictionweretriedinfighterA. The
forceperg wasvariedby changin&thegradientofthea.rkificklfeel
system.Intherangeofvaluestried,however,thepilots’comments
indicatedno appreciablechangeinthehandlingqualities.Vsxiatlonsof
forceperg from1.5poundsperg to6 poundsperg weretriedandvarious
valuesofvalvefrictionfrom*3/4poundto@ poundsatthestickwere
investigated.BecausethefrictioncamepsrtlyfromtheO-ringsealson
thevalve,itwasaffected,asmentionedpreviously,by thecleannessof
thepsrts,aswellasby theamountof lubricationpresent.Forthese
reasonsthevaluesoffrictionobtainedwerenotalwaysconsistent;this *
characteristicwillbementionedinmoredetailina subsequentsection.

Variousschemesweretriedtohelpalleviatethisproblemofvalve #
frictionandtherebyimprovethecharacteristicsofthepowercontrol
systemoffighterA withoutmajorchangestothesystem.Theaddition
ofprebadedcenteringspringsto thecontrolvalveprovedtobe the
onlyschemetriedwhichimprovedthecharacteristicsmeasurably.The
preloadofthecenteringspringswasstrongenoughto overccmethevalve
frictionandreturnthevalvepistontoneutral.Thisspringproduced
a breakoutforceatthestickslightlylargerthanthatduetothevalve
frictionforce.Itwasfoundthattheeffectofthisbreakoutforcewas
consideredby thepilotstobemuchlessobjectionablethantheeffect
ofvalvefrictionwhichgaveaneqwl valueofbreakoutforce.

Thebreakoutforceduetothepreloadedcenteringspringsresulted
ina tendencyforthestickto stayh a displacedposition.Itthere-
foreadverselyaffectedtheabilityoftheairplaneb returnto a trim-
medconditionina mannersimilarto theeffectsofnormalcontrol-system
friction.Itdidnot,however,resultinanytendencyto causeunstable
oscillationsofthepilot-airplanecombination.

Inorderto compsrethecharacteristicswithandwithoutthevalve
centeringsprings,recordswereobtainedwhilethepilotattemptedsteady
3gturns.Thesedataarepresentedintheformoftimehistoriesof stick ?
force,elevatorangle,andnormalaccelerationfortheairplanewiththe
nOrmalmanualcontrol,the~wer cmt~i, audthepowercontrolwithcen-
teringspringson thevalve.

P
FigureU(a) givesthedataforthemanual
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controlandshowsthattbecontrolwasappliedrapidlyandsmoothly.
FigureIJ.(b) showsthesamemaneuverbeingattemptedwhenthepowercon-
trolwithno centeringspringswasused. Inthiscasean initial-control
wasappliedrapidlyandresultedinan overshootoftheacceleration,
andthepilotspenttheremainderofthetimetryingto stabilizethe
airplsme.Figurell(c) showsthemaneumrbeingdoneby usingthepower
control.withcenteringsprings.Inthiscasethepilothasnnchless
difficultythoughsomeoscillationswereencountered.

TheresultsofthetestsoffighterA witha powercontrolsystem
furtheremphasizetheclifficulty ofestabili.shinganysimplecriterion
forthesJlowablemagnitudeofvalvefriction.Thevaluesofvalve
frictiontestedweremuchlargerin comparisonwiththevslueofforce
perg thanthosetestedonthebcmberairplane.As a result,serious
oscillationswereencounteredinmaneuvers.Itmighthavebeenexpected
thatevenmoreseriousclifficultywouldhaveocc~redinmaneuverswhich
reqyiredsmallcorrectionstotheflightpath,whereasactuallysurpris-
inglylittleclifficul.tywasencounteredinthiscase.Thesecharacter-
isticsweretracedto detailedpeculiarityiesofthecontrolsystem,which
resultedintheabilityto obtainverysmallcontrolmovementswithout
breakingthroughthevalvefriction.Withanotherairplane,thesepeculi-

* aritiesmightnotexist,or otherdesigndetailsmightbe presentwhich
haveequallyimportanteffects.Thepreloadedvalvecenterhgsprings
furnishanexsmpleofa designfeaturewhichmayhavea

& onthecontrolcharacteristicsofthesystem.

QUALITATIVEDISCUSSIONOFTESTRESULTS

FactorsInvolvedinAvoidingControlDifficul.ties

InstabilityofPilot-AirplaneCombination

largeinfluence

w to

A reviewoftheforegoingexamplesof controldifficul.tiesdueto
instabilityofthepilot-airplanecanbinationindicatesthatthese
difficultiesareofa rathercomplicatednature.It iswlikel.ythata
setofquantitativerulessimilarto theexistinghandling-qualities
specificationscouldbe setup to specifytherequirementsforavoiding
allsuchdifficulties.Onefeatureisapparent,however,inallthe
exsmplespresentedpreviouslyinwhichcontroldifficultieshaveoccurred;
thatis,a markedphasedifferenceexistsbetweenthepilot’scontrol
forcesndtheassociatedcontrol-surfacedeflection.Thepresenceof
valvefrictionina hydraulic-powercontrolsystemhasbeenshownto cause
roughlya l&)Ophaselagbetweenthecontrolforceandtheresultingcon-

● trolmotion.Thisphaselagexistsonlyat smalldeflectionsandisreduced
at Mger deflectionsby thepresenceofrestoringforceson thecon-

4 trolstick.Inallcasesthedifficultiesassociatedwiththistypeof
frictionhavebeenencounteredat smallcontroldeflections.Inthecase
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wheretheairplaneinvolvedhadlsrgestaticstability,thesesmallcon-
troldeflectionswerenecesssxyinmakingsmallprecisecorrectionsto
theflightpath;but,inthecasewheretheairplanehsdsmallstatic r

stability,smalldeflectionswereusedinnormalmaneuvers.

Theproblemsencounteredwithlightlybalancedcontrolsurfacesin
conjunctionwithbobweightsinvolvetheoppositeconditioninwhich,at
thefrequenciesof controlmovementnormallyusedinmaneuvering,the
controldeflectionleadsthecontrolforceby a relativelylargeamount.
Inthesecasessatisfactoryconditionswereobtainedby increasingthe
controlforceinphasewiththecontrol-stickdeflectioninorderto
reducethisphaseshift. .-

As a generalrule,therefore,thestatementmaybemadethatcontrol
difficultiesof thetypeunderconsiderationwillnotbe encounteredpro-
videdthecontroldeflectionisapproximatelyinphasewiththecontrol
forcethroughouttherangeof amplitudesandfrequenciesusedbythepilot
incontrollingtheairplane. Thisruleisrecognizedasan idealized
conditionwhichcannotbe obtainedinpracticebecausecertainfriction
andinertiaeffectsme inevitable.Furthermore,theruleshouldnotbe ““
interpretedas snexactconditionto striveforbecausesomedampingof
thecontrolmotion,whichwouldtendto causea phasedifferencebetween
thecontrolforceanddeflection,isprobablydesirable.Nevertheless, w

examinationof flightrecordsobtainedwithsatisfactoryconventional
controls~temsindicatesthatthisruleisverycloselysatisfiedby a
comparisonwiththeunsatisfactorycasesdiscussedinthisreport.In
designingam actualcontrolsystem,thedesigner,of course,wishesto
knowwhethera certainsmountofdeviationfromthequalitativerule
statedpreviouslywill.be sufficienttoresultinunsatisfactorycharac-
teristics.In subsequentsectionsof thisreportsmalyticalandexperi-
mentalmethods.arepresentedformakinganapproximatecheckof individual
casesto indicatewhethersatisfactoryresultswillbe obtained.

EffectofNonlinearCharacteristics

Causedby IYictionorPreload

A characteristicfrequentlymeasuredinevaluatinga controls~tem
isthebreakoutforce,thatis,theforcerequiredto stsrtthecontrol
stickmovingfroma trhmnedposition.Breskoutforces,however,mayarise
froma numberofdifferentsources.Intheprecedingdiscussion,cases
havebeenreferredto iriwhichtheseforcesresultfromstaticfriction
on thecontrolstick,staticfrictiononthevalveof a powercontrol
system,preloadedcenteringspr~s’,~i’thecontrolstick,andpreloaded
centeringspringsonthevalve.Thesevarioussourcesofbreakoutforce

., ,

Q

ii
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donothaveequivalenteffectsonthecontrolcharacteristics.Further
discussionsoftheeffectsofthesenonlinearcharacteristics,basedon

4 experienceobtainedinflighttests,thereforeappeardesirable.

Theeffectsofstaticfrictiononthecontrolstickareconsidered
ftist. Limitsfortheallowableamountoffrictionofthistypefor
variousclassesofairplaneshavebeenfairlywellestablishedandme
givenh themilitaryhandling-qpalitiesspecifications.A verysmaX1.
amountof staticfrictionhasbeenshownto bedesirable,probablybecause
itgivesthepilotsomelmowledgeofthefactthathe ismakingsmallmove-
mentsofthecontrolstick. Ifthissmallsmountoffrictionwereabsent,
thesemovementsmightbemadeumbtentionslldyas a resultof airplane
vibrationsoraccelerations.Thesmountoffrictionreqpiredforthis
p~ose, however,isverysmall(approximately1/2pcuud).Thisvalue
islessthanusuallyexistsevenonthemostfrictionlesscontrolsystems.
Largeramountsof staticfrictionaregenersllyconsideredundesirable
althoughlargevaluesdo notsppearto leadto instabilityofthepilot-
airplanecombinationprovidedthatcontrol-systemflexibilityalsois
notpresent.Oneeffectof staticfrictionistopreventa definiterela-
tionshipbetweenthecontrolforcessndcontroldeflectionwhenthecon-
trolstickisatrest. l%ictim,therefore,leadsto somedifficultyin
attaininga tr~ condition.In addition,lsrgemountsoffriction0 unnecessarilyincreasetheworkrequiredbythepilotinmaneuming or
i.nmskingsmallcorrectionsto offsetdisturbancescausedby roughair.

L
Thesecondtypeofnonlinesxitywhichis consideredistheeffect

of staticfrictiononthevalveof a powercontrolsystem.Thistype
of frictionhasbeenshowninsomecasesto causeinstabilityof the
pilot-airplanecombination.No simplerulesregsrdinglimitsforthis
typeof frictionhavebeenestablished.Thereappearstobe no question,
however,thatmuchsmallervaluesof thistypeoffriction(asmeasured
atthecontrolstick)arepermissiblethantheallowablelimitsfornor-
malcontrol-systemfriction.Oneundesirableeffectof thistypeof fric-
tionistopreventa definiterelationshipbetweenthecontrolforceand
thecontroldeflectioneitherwhenthecontrolstickisatrestormoving
atELconstantrate. Thepresenceof controlfrictioninthevalveof a
powercontrolsystemties itdifficulttodefinethephaserelationship
betweenthecontrolforceandthecontrolmotionwhenthestickisoscill-
ated. Theoretically,thecontrolforceisdefinedforanyprescribed
control-stickmotioninwhichtherateisnotconstant,butsmallvaria-
tionsinthewaveformofthecontrol-stickmotionmayrequirequitedif-
ferentcontrol-forcevariations.Sucha characteristicwouldbe expected
to leadtodifficultyinprecisionfl~ng evenif itdidnotresultin
actualinstability.

* Thethirdtypeof nonlinearityconsideredisthatintroducedbya
preloadedcenteringspringonthecontrolstick.ExperiencewiththistYPe
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of forcevsriationhasnotbeenextensivebutcertainconclusionsmaybe
reachedregardingitseffects.Thistypeofdeviceisusuallyemployed
in rdertoreducetheadverseeffectsof staticfriction,andithas-”

G

alw s beentestedincon~unctionwitha certainsmountof staticfriction
+(ref.10). Thecontrolcharacteristicsassociatedwitha prelosdedcen-

teringdeviceappeartobe desirableforcasesinwhichlongperiodsof
steadyflightarerequiredbecausethedevicedefinitelyholdsthecon-
trolstickatthedesiredtrimposition.Theallowablelimitsforthe -
forcesintroducedby thistype% deviceappeartobe considerablylsrger - -
thanthosegiveninthehandling-qualitiesrequirementsforstaticcon-
trolfriction.Thistypeof forcevariationdoesnotpreventanexact
relationshipbetweenthecontrolforceandthecontroldeflection.llir-
thermore,ittendstomaintainthecontrolforceinphasewiththecontrol-
surfacedeflection,aneffectwhichhasbeenshowntobe desirable.

Thefourthtypeofnonlinearityconsideredistheeffectof a pre-
loadedcenteringdeviceonthevalveofa powercontrolsystem.This
devicehasbeenshowntoreducetheadverseeffectsof staticfriction
onthevalve.As fsras-theeffectson controlforcesareconcerned,
however,thisdeviceisapproximatelyequivalentto staticfrictionon
thecontrolstickbecauseitintroducesa constantforcewhichtendsto
opposethemotionofthecontrolstickwhetheritismovingawayfrom
neutralor towardsneutral.Thelimitationson theforcesintroducedby
thistypeof deviceshouldthereforebe similartothoseestablishedfor
staticcontrolfriction.A practicallimitationintheuseof thisdevice
isthatitmustbe ad@stedto centerthevalveatexactlythepointof
zeroflowofhydraulicfluid;otherwisethecontrolstickwillhavea
tendencytomoveslowlyanda forceequivalenttothatrequiredtoover-
comethepreloadwillhavetobe exertedtoholdthecontrolstickfixed.
Ifsnyleskageexistsinthehydraulic-controlsystemwhenloadsare
appliedtothecontrolsurface,a similarundesirableeffectwillbe
produced:

An examplewaspreviouslypresented(fig.1)inwhichflexibility
ofthecontrolsysteminconjunctionwithfrictionattheelevatorhinge
causeda typeof instabilityofthepilot-airplanecombination.This
conditionisparticularlyundesirablebecauseitpreventsan exactrela-
tionshipbetweeneitherthestickforceorthestickpositionandthe
control-surfecedeflection.Intheusualcase,whenthestickismoved,
backlashandflexibilityinvariouslinksofthecontrolsystemaretaken
up inturnandthefrictionintroducedby thevariousbearingsisadded
progressivelyuntilthecontrol-stickmotionis’feltatthecontrolsurface.
Sucheffectsareobviouslydifficulttopredict.Forthisreason,an
attempthasbeenmadeto.establisha methodof analysiswhichincludes
sucheffectsby utilizingmeasuredfrequency-responsechsracteristicaof
theactualcontrolsystem.Thismethodisdescribedinthefollowing
sectionofthereport.
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ANALYSISOFST#iBILITYOF CONTROLLEDMRPLANE
4

Thefollowinganalysisispresentedinorderto givea possible
physicalexplanationofthecontrolcharacteristicsoffighterA eqpipped
withtheexperimentalpowercontrolsystem.Becauseofthesrbitrary
natureoftheassumptionsmadeintheanalysis,theresultsarenot
regardedasbeingpsxticulsrlyaccurate.Themethodshouldbetriedin
othercasesbeforeconclusionssrereachedregsmlingitsusefulnessfor
designpurposes.

Thepilotisvisualizedas controllingtheairplaneas shownbythe
blockdisgrsmof figure12. Thestabilityof sucha feedbacksystemis
frequentlydeterminedby meansofNyquist’scriterion.Inordertoapply
thiscriterion,thefrequency-responsecharacteristicsof eachcomponent
ofthesystemareusedtoplottheopen-looptransferfunctiononthe
complexplane.Relativelysimplerulesmaythenbe appliedwhichallow
thestabilityof thesystemtobe predicted(ref.Xl).

Althougha frequency-responsetypeof analysisis strictlyaccurate
onlyforlinesxsystems,ithasbeenshowninreference12thatitmay
be appliedtoobtainan approximateideaof thestabilityof systemsin
whichsomeof thecomponentshavenonlinesrcharacteristics.Inthis
case,thefrequency-responsecharacteristicsmustbe determinedat a series
ofamplitudes,inasmuchas thedegreeof stabilitymaydependon theampli-
tudeof themotion.

Theanal~iswasmadeforthecontrolsystemoffighterA inorder
totryto correlatetheanalyticalresultswiththeactualf~ht results.
Themethodsusedindeterminingthecharacteristicsofeachoftheblocks
infigure12 arenowdiscussed.

Human-PilotCharacteristics

me characteristicsof a humanpilotareknowntobe toocomplicated
tobe representedcompletelyby anysimplemathematicalexpressionor
physicalanalog.Forsomepurposes,however,itmaybe possibleto
approximatehumanresponseinthiswayforsomespecifictypeof opera-
tion.Althoughhumanresponsecharacteristicsaregenerallynonlinear,
thedataof reference15 showthattheymaybe consideredmorenearly
linesrwhenthepilotiscontrollinga randomlyvsryingquantity.Such
a randomvsxiationhasbeenshowninreference14to occurwhenthepilot
isattemptingto controla marg@allystablesystem.

m

●
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Iftheresponsecharacteristicsofthepilotme consideredlinear,
theymaybe simulatedby anautopilot”havingsuitablecharacteristics.
Theimportantquantitieswhichmustbe d%ermhed forthisautopilotare
theinputstowhichitissensitive,thegainconstantsinvolved,and
thelagcharacteristics.

*
.

Selectionofthequantityorquantitieswhichthehumanpilotsenses
tncontrollingtheairplaneisarbitraryandmustbebasedmainlyonthe
reasonablenessoftheresultsobtained.Inwe presentanalysis,the
assumptionwasmadethatthepilotwassensitivetopitchingvelocity.
Thehumanpilotmayalsosenseangleofpitchornormalacceleration.
Ifthesequantitiesme assumedtobe theonlyquantitiessensed,however,
andifa reasonablelagisassumedinthepilotresponse,thepilot’s
actionswouldleadto instabilityeveninthecaseofa manualcontrol
systemforreasonablylargevaluesofgainconstant.A timelagof0.2
secondinthepilot’sresponsewasass~d igaccord.mcewithresultsof
reference14andotherdataonhuman-pilotresponsechexacteristics.

A pointtobe specifiedforthehuman-pilotcharacteristicsis
whetherhe controlstheairplaneby applicationof stickforceor stick

——

deflection.Movementofthecontrolstickmustinallcasesresultfrom
applicationof stickforce.Ifthestickmovementrequiredislarge,
however,thepilotmaysensethepositionofthecontrolstickbyfeeling

*

thepositionofhisarm. He maythenapplyforcesnecessaryto control
thestickpositionasdesired.Thisactionisanalogousto thatof a P
mechanicalautopilotwhichincludesa tight-positionlooparoundthe
outputservomotor.On theotherhand,thehumanpilotmaycontrolthe
airplaneby applicationsof forcewithoutregardfortheresultingcontrol-
stickmovement.Thisactionisanalogoustothatof a so-calledforce-
typeautopilotinwhichtheservomotortorqueisregulatedinaccordance
withthecontrollingquantities.Flightdataappearto substantiatethe
beliefthatinmostcasesthehumanpilotprefersto controltheairplane
primarilythroughapplicationsofforce.‘Il@smethodrelievesthepilot

.-

of theadditionaltaskofprovidingtheequivalentof a tight-position
looponhisoutput.Furthermore,inhigh-speedflightthecontrolmotion

—

isnormallyverysmell,whereasthecontrolforcesbeara logicalrelation
totheresponseoftheairplane.Thebeliefthatthepilottendsto con-
troltheairplanethroughapplicationof forceisfurthersubstantiated ‘-“--–
by thedataalreadypresentedinwhichseriousinstabilityofthepi.lot-
airplanecombinationresultedwhentheforcecharacteristicsof thepower-
controlsystembecameillogicaleventhoughtheposition-follotingchar-
acteristicswereverygood. Thepossibilityremains,however,thatthe
pilotmay,atwill,useeithermethodora combinationofbothinorder
to obtainthemostsatisfactorycontrolof theairplane.

Indeterminingthegainconstantusedby thepilot,itwasassumed .
thatthepilotwouldusethesamecontrolefforttoopposeanundesired
pitchingvelocityashewouldusetoproduce-thispitchingvelocityin

—

a steadyturnorpull-up.Althoughthisass~tion isarbitrary,it
*
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wasfoundtobe approximatelytrueinflightdataobtainedforconditions
suchas thoseshow infiguren(b) wherethepilotwasattemptingcontrol
ina marginallystablecondition.Thesteady-forcegradientwasabout
3 ~unds per g, correspondingtoa valueof49poundsperradisnper
secondofpitchingvelocityatan airspeedof ~0 milesperhour. The
resultingfrequency-responsecharacteristicsassumedforthehumanpilot
we shownin figure13. Althoughthesmplituderatiois showntobe
constant,theresultsof reference14 haveshownthatthehumanpilotis
unableto applya consistentcontrollingactionatfrequenciesmuchgreater
then1 cyclepersecond(a= 6.28radianspersecond).Inpracticethe
humanpilot’sresponsewoul.dbesharplyattenuatedatfrequenciesgreater
thanthisvalue.No efforthasbeenmadetoapproximatethehuman-pilot
characteristicsinthishigh-frequencyrangebecauseboththeflightand
analyticaldatashowthattheinstabilityof thepilot-airplaneconibina-
tion,ifpresent,generallyinvolvesfrequencieslessthan1 cycleper
second.

Control-SystemCharacteristics

Control-systemcharacteristicsweremeasuredlyoscillatingthe
controlsticksinusoidallywitha mechanicaldrivingmechanismand
recordingtheresultingcontrolforcesandcontrolpositions.Datawere
obtainedthrougha rangeof frequenciesofO to 10radianspersecond
atvarioussmplitwlesandwithvsriousconibinationsofforcegradientand
valvefriction. ~ical dataobtainedinthismannersxeshowninfig-
ure14. Duringtheseteststheelevator-anglevariationwasapproximately
sinusoidal,althoughitssmplitudechangedsomewhatas a functionoffre-
quency.Effortsweremadetooperatethecontrolstickmanuallyinorder
toobtaina morenearlyconstantamplitudeofelevatormotion.OscilJ&ting
thecontrolstickmanuallytoproducea reasonablyaccuratesinusoidal
vsriationof theelevator,however,provedtobe verydifficult~ many
cases.Thisdifficultyisa furtherindicationof thecontrolproblems
resultingfromillogicalcontrol-forcecharacteristics.

Duringthegroundoscillationteststheelevatorwasnotloadedto
simulateaerodynamichingemnments.Flightdatashow~,however,that
at an airspeedof ~ milesperhourtheratioofelevatormovementto
control-stickmovementwasonlyabo’utone-halfthatmeasuredon theground
becauseof stretchinthecontrolsystem.(Thehydraulicactuatorofthe
powercontrolsystemwaslocatednearthecockpit.)Theratioofele-
vatorangleto controlforcemeasuredon thegroundwasthereforemulti-
pliedbyone-ha~inorderto applyitto conditionsexistinginflight.

lZrequency-responsedataforthemanualcontrolsystemwereobtained
ina similarmanner.Forthegroundteststhecontrolforcesweresup-
pliedby thefeeldevice;whereas,in-flighttheycsmefromtheaerody-
namicforceson theelevator.Thefeel.device,however,is considered
torepresentadequatelytheeffectof theaerodynamicforceson theele-
vatorbecauseinbothconditionstheforceisprimarilya spring-restoring
moment.
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The

figure15

showsthe

.I

frequencyresponseforthemanual_~ontrolsystemisshownin----
fora Smplitudeofelevatormotionof*l~O. Figure15also ●

frequency-responsecharacteristicsobtainedtiththepower-
controlsystemat&nplitudesofelevatormotionforapproximately*O.1°

tot~” andwithvaluesof valvefrictionfromabouttl poundto*7 pounds.

Thephase-anglecurvesshowninfigure17arefairedvalueswithanesti-
matedaccuracyofabout*5°inthelowrange--andincreashgto aboutt20°
inthehighrange.Althoughthecurvesof smplituderatioandphaseangle
forvariousconditionsdonotappesrtovsxy-systematicallywitheither
valvefrictionorsmplitude,analyticalstudiesof similsrpowercontrol
systemsindicatethattheseapparentlyinconsistentvariationsmayarise
as a resultoftheeffectofvalvefriction.Allthecurvesshownwere
obtainedwiththefeelsystemengagedwiththeexceptionof thecase

-.

with~ poundsof.frictionand+1~ amplitude.~is casedoesnotcorre-

spondto a conditiontestedinflightbutisincludedto showthefrequency-
responsecharacteristicsofthecontrolsystemwithsmextremeamountof
valvefrictionandno spring-restoringforce.Asmentionedpreviously,the
valuesofvalvefrictionweresomewhatinconsistent.Forthisreason,all

—

valuesofvalvefrictionmentionedszeaversgevalues.
● —‘

AirplaneCharacteristics
v

ThetransferfunctionforfighterA relatingpitchingvelocityto
elevatordeflectionisshowninfigure16foranairspeedof ~ milesper
hoursndan altitudeof10,000feet.Thistransferfunctionwasestimated
theoreticallybyassumingtheairspeedto b-econstant.Someoftheaero-
dyhsmicparametersnecessaryto calculatethetransferfunctionw&e -“ ‘“-=
obtainedfromwind-tunneldata;whereas,theelevatoreffectivenessand
staticstabilitywerechosento giveresponsecharacteristicswhichwould
agreewiththosemeasuredinflight.

ResultsofAnalysis

Theamplituderatiosandphasesngles.ofthevariouscomponentsshown
intheblockdiagramoffigure12werecombined,andtheopen-looptransfer- -
functionlocusofthepilot-control-airplauecombinationwasplottedonthe ‘
complexplane.Figure17(a)showsthestabilitywiththemanualcontrol
comparedtothatwd.ththepowercontrolwithvaluesofvalvefrictionof
*1pound,+4 pounds,snd*7 poundsallat~l~”ofelevatormotion.The u
criterionforstabilityforthissimplesingle-loopsystemisthatthe
locusdoesnotencompassthecriticalpoint-1+ jO.

w
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It canbe seenfromfigure17(a)
onethatdoesnotcirclethecritical

thatthemanual
pointandthat,

21

controlistheonly
asthevalvefriction-.—.

increases,thecorrespondinglocuscrossesthereal.sXisatgreatervalues.
Thepilot’sopinionverifiesthistrentiof increasingdifficultyasthe

valvefrictionincreases.Thecaseoffl~”smplitudeand*7 poundsof

friction,withoutthefeeldevice,wasnottestedinflight,butfig-
ure17(a)indicatesthatthisconditionwouldbemoreunstablethsnany
oftheotherconditions.

Figure17(b)showsrelativestabilityastheamplitudeoftheelev-

atormotionis changed.
lo

Whenanelevatormotionontheorderof~ is

reqpiredfora givenmaneuver,thecombinationis stableas indicatedby
thesolidlinecloseto theorigin.Thereasonforthestabilityinthe

o
caseof~10 snrplitudeisbelievedtobe theabilityto displacethevslv%

slightlyby deformingthesealswithouthavingto overcomethevalve
friction.As theelevatormotionisincreased,thestabilitydecreasesas

lo 0
shownbythelocifor*lE and** . Theseresultsareborneoutby the

flighttestresultspresentedpreviouslyinwhichthepilothadincreasing
difficultycontrollingtheairplaneastheamplitudeofelevatormotion
usedduringtheoscillationsencounteredina maneuverincreased.Thefre-
quencyoffreeoscillationsofthesystemcanbe esthatedfromfigure17
forcasesinwhichthetransferlocuspassesclosetothepoint-1+ jO.

Thecasewith ~ = *l~”,friction*4po~ds~correspondstotheflightcon-

ditionoffiguren(b). Thefrequencyoftheoscillationshowninfigure17
isabout1/2cyclepersecond.Thisresultisin qualitativeagreementwith
theflightresultsforwhichthefrequencyoftheinducedoscillationvaries
fromabout1/2to1 cyclepersecond.

Thepreced@ analysisisnotregsrdedasbeingpsxticularlyaccurate,
becauseof thenonlinearchmacteristicsofthePower.cont~lsYs~em~
becauseofthepreviouslymentioneduncertaintyintheabilityto approxi-
matethechmacteristicsof a humanpilotby a mathematicalexpression.
Theanalysisispresentedmainlytoprovidea physicalexplanationofthe
controldifficultiesencounteredinflight.In spiteoftheuncertainties
of theanalysis,however,thedifferencebetwe~theP-e-l% ch~acter-
isticsofthemanualandpowercontrolsystemsissogreat(fig.15)that
relativelylargechangesintheassmnptionsregardingthecharacteristics
of thehumanpilotwouldnotgreatlychangetheoverallconclusions.

It isbelievedthatthistypeof snalysiswouldbe anaidinpre-
dictingtherelativemerits of varioustypesofparercontrolsandmodi-
ficationsto thepowercontrolselectedforanygivenairplane.If this —
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analysisismadebeforethepowercontrolsystemisconstructed,a reason-
ableapproximationtothefrequency-responsecharacteristicsofthe system
couldprobablybemsdeby analyticalmethods.Ifthecontrolsystemis
alreadyinexistence,a moreaccuratepredictionof itsflightcharacter-
isticsmaybe obtainedfromgroundtestsof thetypedescribedinthe
followingsection.

GROUNDTESTSOFCONTROLSYSTEMWITH

SIMULATEDAIRPLANERESPONSE

Inordertaprovidea moreaccuratemethodfordeterminingwhether
a givencontrolsystemwilloperatesatis~actorilybeforeactuallyflying
an airplane,a methodwastestedusinga-simplesimulatortorepresent
theairplaneresponsech~acteristics.A schematic&awingof thedevice
is showninfigure18. Thesimulatorcorisistedsimplyof a projector
mountedonpivotsandequippedwithspringsanddsmpingsothatitsperiod
anddampingcharacteristicssimulatedthoseofthe,short-periodlongitu-
dinalmotionoftheairplane.Thedevicewasthencomectedby meansof
a springtotheelevatorof theairplaneandtheprojectorproduceda
spotoflighton a screennexttothepilot’scockpit.If thepilot
abruptlydeflectedtheelevator,the”spofoflightwouldmoveapproxi-
matelyinaccordancewiththedevelopment-ofnormalaccelerationthat
wouldbe expectedinflight.Themostirnyortantmechanicalconsidera-
tionindesigningthisdevicewasto insfiethattheprojectorwasfree
tooscillatewitha minimumof friction.“For thisreasonplateknife
edgeswereusedasthepivots.Dsmpingwassuppliedby a pistinwith
largeclesmnceimmersedina camofhea~ oil. Forpurposesof recording
theresultsobtained,thepositionoftheprojectorwasmeasuredby an
Autosynpickupwhichcontributeda negli~ibleamountof friction.

Thetestsconsistedofhavingseveralpilotsattempttoposition
thespotciflightfromtheprojectorbe’tweentwomarkson thescreefi
by movingthecontrolstick.Thesemarkswerespacedto simulatethe
elevatordeflectionrequiredh producea changeofnormalacceleration
of 1 g ontheairplsmeat an indicatedairspeedof ~ milesperhour.
Sincethepilotsexperiencedno appreciabledifficultyinflyingthe
airplanewiththenormalmanualcontrol,thefirstrunineachcasewas
madewiththemanualcontrolandthesecond,withthepowercontrol.In
bothcasesthearttiicialfeeldevicewasusedto shrulatethestickforce
requtied.Figure19 showsa typical.recordmadeby a pilotwithvery
littleflightexperienceinfighterA. Thisfigureshowsthepilothadno
difficultyin quicklypositioningthelightspotwithmanualcontrol;
whereaswithpowercontrolshe firstovershotthedesiredpositionand
thenproduceda residualoscillationwhichwasdifficultto dampout. The
pilotwhohadconsiderableexperienceflyingfighterA bothwithmanualand
powercontrolsexperiencedthesamedifficultybutto a lesserdegree.
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Testswerealsomsdewherethespringconnectingtheprojectorto
theelevatorwasreplacedwitha rigidlinktoremovethelagintroduced
by theairplane.Othertestsweremadewithouttheartificialfeelsystem
engagedbutwiththeprojectorconnectedbymeansofa springto theelev-
ator.Timehistoriesareshowninfigure20sndtheresultsobtainedfor
thedirectlinksgeandsprimglinkagewithandwithoutfeeldeticefor
boththemanualcontrolandpowercontrolsystemsme compared.

Withmsnualcontrolthepilothadverylittledifficultypositioning
thespotof lighteitherwithorwithoutthelsginairplaneresponse
included.Withthepowercontrolsystemevenwithoutanylagofairplsme
motionthepilotexperienceddifficultyinproducinga rapidstepmotion
of thespotof light.Withtheairplanelsgincludedandno feel,the
resultingmotionwasactuallyunstable.Addingthecontrolfeeldevice
reducedtheviolenceof thisinstabilitysomewhat.

Pilotswhoflewtheairplaneandalsoattemptedcontrolwiththe
groundsimulatorbelievedthattheshmil.atorpresenteda verysimilar.con-
trolproblemtothatencounteredinflight.Thisconclusionisborneout
bythesimilarityof oscillationsobtainedwiththesimulatorandthose
encounteredinflight.Furtherevidencethatthesimulatorrepresented
theairplaneis shownby thefactthata pilotexperiencedinflyingthe

v airplanewasableto controlthesimulatormoreeasilythanpilotswho
wereinexperiencedinflyingtheairplane.Controldifficultiessuchas
thoseillustratedinfigure20tirenotatallapparentwhenthecontrol

● wasoperatedby thepiloton thegroundwithouta sensitivedeviceto
indicatetohimtheelevatormotionor thesimulatedairplaneresponse.
In thiscase,thecontrol-stickmotionappearedto followthedesires
of thepilotperfectly,andtherewouldhavebeenno reasonto suspect
thatcontroldifficultieswouldbe encounteredinflight.

Tn caseswheretheactualcontrolsystemisavailablefortestthe
useof thesimulatortechniqueisbelievedtoprotidea moreaccurate
indicationof theprobablecontrolcharacteristicsof thesystemthan
thetheoreticalanalysisdescribedintheprecedingsection.Thesim-
ulatorrequiresno assumptionsasto themethodof controlusedbythe
pilotandno approximationstothecharacteristicsof thepower-control
system.Thequestionmightbe raised,forexsmple,inconnectionwith
theanalyticalresults,astohowa pilotcancontrolanairplaneatalJ-
whentheairplane-pilotcombinationispredictedtobe unstable.The
simulatorresultsindicatethatunstableoscillationsmayactuallybe
obtainedbutthatas soonas anoscillationstats thepilotattempts
anothermethodof controlinwhichhe regulatesstickpositionrather
thanstickforce.Thismethodof controlisquitedifficult,however,
underconditionswhereonlya smallstickmotionmaybe requiredto

s maneuver.ThedifferenceinstickmotionbetweenfightkrA andthebomber
airplmeprobablyaccountsforthemoreseriousdifficultiescausedby
valvefrictioninthecaseof fighterA. It isbelieved,however,thatin

s anycasea pilotwouldobjecttothepower-controlcharacteristicsifhe
couldnotobtainsatisfactorycontrolby’thesimplermethodofforce
application.
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CONCLUSIONS’ *

A numberof exsmpleshavebeenpresentedot controldifficulties
notcompletelycoveredby existinghsndling-qualitiesrequirements.
Thesecontroldifficultiesarehardforpilotstodiagnoseandsrefre-
quentlydescribedby termssuchas “controlsensitivity.”Thesediffi-
cultiesappeartoresultfroma tendencyford-it instabilityofthe
combinationofthepilot,controlsystem,andairplane.Testsof a bomber
anda fighterairplanewithexperimentalpowercontrol_systemshavebeen
madetostudythisproblemfurther.Thefollowingconclusionsmaybe
stated:

1.Controldifficultiesofthetypeconsideredhavealwaysbeen
associatedwitha markedphasedifferencebetweenthepilot’scontrol
forceandtheassociatedcontrol-surfacedeflection.

—

.

2.Thepresenceof staticfrictioninthecontrolvalvesofhydraulic-
powercontrolsystemswasfoundtobe theexplanationforseveralcases
of controldifficultyinairplanesequippedwithsuchsystems.Thevalve‘- -
frictionmaycausea phaselagbetweenthepilot’scontrolforceandthe

—

associatedcontrol-surfacedeflectionapproachingI&)”at smallcontrol
~—

deflections.

3.Resultsoftestsutilizinga bomberairplaneanda fighterair- “_
plane(fighterA) equip~dwithpowercontrolsindicatethatdefinite
limitsor simplerulesforthetolerablesmountofvalvefrictionwofid - - “
be difficulttoestablishbecaimeof thelargenuniberofvsriableswhich
mayinfluencetheproblem.Thecontrolc@racteristicsof theseair-
planeswerestronglyinfluencedby smalldesi~.detailsofthepower..._
controlsystems.Ingeneral,however,a givenvalueofvalvefriction
(asmeasuredatthecontrolstick)appearedtobe muchmoredetrimental
thsma similarmountof staticcontrol-systemfriction.

—

h.Theelevatorcontrolsystemwasfoundtobemuchmorecritical
fromthestandpointofobtainingsatisfactorycharacteristicsofthe
powercontrolsystemthantheaileronorruddercontrolsystems.

5.Theonlydevicewhichwastriedthatappreciablyimprovedthe
handlingqualitiesofan airplanewithunsatisfactorycharacteristics
duetovslvefrictionwastheadditionofpreloadedvslvecentering
springssufficientlystrongto overcomet@_valvefriction.These
springshadanundesirableeffecton controlcenteringtendency}however,
similarinnaturetotheeffectof staticcontrol-systemfriction.

●

6.A methodof analysisofthestabilityoftheairplaneundercontrol _
of thehumanpilothasbeenpresentedwhichprovidesa physicalexplana-
tionoftheproblemandappearstopredict_qualitativetrendsof the

-—k

difficultiesencounteredinflight. “
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*

7. Groundtestsofa controlsystemusinga simplesimulatorto
representtheairplaneresponsecharacteristicsappeartobe a satis-.
factorymethodfordetectingundesirablecontrolcharacteristicsofthe
typeunderconsiderationbeforemakingactualflighttests.

LangleyAeronauticalLaboratory,
NationslAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,June10,1953.
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Figure 18.- Schematic drawing of ground simulator as used with fighterA.
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Figure19.- Timehistoryshowingpilotattemptingtopositionthespot
of lightfrom thesimulatorwithmagualandpowercontrols.
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Figure 20.- Time history showing pflot’s ability to position the simulator dot with direct
LLnkage, with spring-aloneUmk.ege, smiwith spring linkage tithe artificial feel
sy%em engsged.
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